The abundance of immune cells and their products in CNS lesions and in the CSF of patients with multiple sclerosis (MS), together with the genetic risk conferred by immune gene variants, supports the concept that MS is an autoimmune disorder.^[@R1][@R2][@R5]^ It is strongly believed that myelin-reactive CD4^+^ T helper (T~H~) lymphocytes are activated by an environmental trigger, after which they cross the blood-brain barrier (BBB), invade the CNS, and initiate a chronic, relapsing inflammatory cascade leading to tissue damage.^[@R3],[@R6][@R7][@R8]^ These T~H~ lymphocytes produce cytokines such as interleukin (IL)-17, IL-22, and granulocyte macrophage colony-stimulating factor (GM-CSF); the former 2 being involved in BBB breakdown^[@R8]^ and the latter stimulating CCR2^+^ monocytes, which promote tissue damage.^[@R9]^

IL-26 was first discovered as an inducible gene in *Herpesvirus saimiri*--transformed human T lymphocytes,^[@R10]^ but has since been described as a T~H~17-associated cytokine that is regulated by IL-1β, IL-23, and RORγt.^[@R5],[@R11],[@R12]^ IL-26 is part of the IL-10 cytokine family and binds to a heterodimeric receptor composed of the IL-10R2 and IL-20R1 chains, which results in activation of STAT1 and STAT3.^[@R13],[@R14]^ Although the *IL26* gene is absent in rodents, Ohnuma et al^[@R15]^ have recently demonstrated that recombinant human (rh) IL-26 can bind to and function through the murine receptor complex. In recent years, studies regarding the role of IL-26 in various immunologic diseases have started to emerge.^[@R15][@R16][@R20]^ In chronic inflammatory diseases including Crohn disease, rheumatoid arthritis, chronic hepatitis C infection, and chronic graft-versus-host disease, IL-26 appears to play a proinflammatory role, acting on epithelial cells, monocytes, natural killer cells, and fibroblasts, respectively.^[@R15][@R16][@R17],[@R19]^ It was also recently found to be involved in antibacterial host defense.^[@R18],[@R20][@R21][@R22]^ However, the role of IL-26 in MS, where T~H~17 lymphocytes are believed to play a major role, has not yet been investigated.

In the current study, we hypothesized that IL-26 has a proinflammatory role and is involved in BBB disruption. We report that the concentration of IL-26 is elevated in the serum and CSF of untreated patients with MS compared with healthy individuals and controls, respectively. We further demonstrate that IL-26--expressing T~H~ lymphocytes are found within perivascular infiltrates in the brain of patients with MS. In contrast to our hypothesis, we demonstrate that the administration of IL-26 in mice with experimental autoimmune encephalomyelitis (EAE) reduces disease severity compared with control-treated mice. This is associated with a barrier-promoting effect of IL-26 through upregulation of tight junction molecules. Overall, our results demonstrate that IL-26, preferentially produced by T~H~17 lymphocytes, has a beneficial effect on barrier function during neuroinflammation and reduces clinical and pathologic disease burden in sterile autoimmune CNS inflammation.

Methods {#s1}
=======

Ethics {#s1-1}
------

Blood was obtained from patients with MS and healthy donors (HDs) after written informed consent and ethical approval (Centre Hospitalier de l\'Université de Montréal research ethic committee approval number BH07.001). Patients were classified according to the 2010 McDonald\'s revised criteria for MS diagnosis (Polman et al., 2011), as previously described (Larochelle et al., 2012). Other neurologic disease controls (OND) consisted of migraine, glioblastoma, and subjective neurologic symptoms with normal neurologic examination, normal MRI, and normal CSF analysis. With informed consent and ethical approval (Centre Hospitalier de l\'Université de Montréal research ethic committee approval number BH07.001), human temporal lobe material was obtained from patients who underwent surgical treatment for intractable temporal lobe epilepsy and used for isolation of primary BBB endothelial cells (ECs). Human fetal brain tissue was obtained with ethical approval (Centre Hospitalier de l\'Université de Montréal research ethic committee approval number HD07.002) for isolation of astrocytes.

All animal procedures were approved by the CHUM Animal Care Committee in accordance with the guidelines of the Canadian Council on Animal Care (approval number N15035APs).

Data availability {#s1-2}
-----------------

Data not provided in the article because of space limitations can be shared at the request of other investigators for purposes of replicating procedures and results.

Results {#s2}
=======

IL-26 is preferentially expressed by T~H~17 lymphocytes {#s2-1}
-------------------------------------------------------

To address the phenotype of T~H~ lymphocytes expressing IL-26, we cultured human naive (CD45RA^+^) T~H~ lymphocytes from HDs in T~H~1, T~H~2, or T~H~17 differentiating conditions. We found that T~H~17 lymphocytes expressed the highest level of *IL26* messenger RNA (mRNA) after 3 days in culture, which correlated with expression of *IL17* (figure e-1, A and B, [links.lww.com/NXI/A295](http://links.lww.com/NXI/A295)). T~H~1 lymphocytes also expressed *IL26* mRNA, but only after 6 days in culture. To identify the cytokine (or combination of cytokines) that induces expression of *IL26* mRNA in naive T~H~ lymphocytes, we treated naive T~H~ lymphocytes from HDs with T~H~17-inducing cytokines daily for 6 days. We found that the combination of IL-1β, IL-23, and transforming growth factor (TGF)-β1 induced the highest level of *IL26* mRNA expression in these lymphocytes (figure e-1C) and that IL-6, alone or in combination with other cytokines, did not significantly affect *IL26* gene expression. To address whether IL26 is also expressed in memory T~H~ lymphocytes, we cultured CD45RO^+^ T~H~ lymphocytes from HDs in T~H~1- or T~H~17-polarizing conditions. IL-26 mRNA (figure e-1D) and protein (figure e-1E) expression was highest in T~H~17 lymphocytes, generated from memory CD4^+^ lymphocytes after 6 days in culture, when compared with T~H~1 lymphocytes or ex vivo memory T~H~ lymphocytes. Because intracellular flow cytometry with commercially available antibodies does not work in our hands, we used immunocytofluorescent microscopy to analyze coexpression of IL-26 with IL-17 and RORγt in T~H~17 differentiated lymphocytes of HDs (figure e-1F). Quantification revealed a greater enrichment of IL-26^+^ cells in IL-17--expressing T~H~ lymphocytes compared with interferon (IFN)-γ--expressing T~H~ lymphocytes (figure e-1G). In addition, levels of *IL26* mRNA significantly correlated with mRNA levels of T~H~17 markers *IL17*, *IL22*, *RORC*, and *MCAM*, but not with *Csf2* (figure e-1H). To investigate whether IL-26 is primarily associated with T~H~17 lymphocytes and not with other immune cells, we measured its levels via qPCR in different ex vivo or activated/differentiated immune cell subsets collected from HDs. The highest *IL26* mRNA levels were detected in T~H~17 lymphocytes polarized from memory T~H~ lymphocytes (figure e-2A), whereas lower *IL26* mRNA levels were detected in CD8^+^ T cytotoxic 17 (T~C~17) lymphocytes and TCR-stimulated memory T~H~ lymphocytes without addition of polarizing cytokines. B lymphocytes, monocytes, M1 and M2 macrophages, and immature and mature dendritic cells (DCs) did not have detectable *IL26* mRNA levels.

IL-26 is elevated in the serum and CSF of untreated patients with MS {#s2-2}
--------------------------------------------------------------------

To determine whether IL-26 is augmented in relevant biological compartments during MS disease, we measured the concentration of IL-26 in the serum and CSF of controls and untreated patients with MS. IL-26 was significantly elevated in the serum of untreated patients with relapsing-remitting MS compared with HDs ([figure 1A](#F1){ref-type="fig"}). In addition, IL-26 was approximately twofold higher in the CSF of untreated patients with MS compared with OND ([figure 1B](#F1){ref-type="fig"}). Using MS patient--derived T~H~17 differentiated lymphocytes, we also found that *IL26* mRNA significantly correlated with expression of *IL17*, *IL22*, *RORC*, and *MCAM* ([figure 1C](#F1){ref-type="fig"}), as previously demonstrated using the blood of HDs. In addition, expression of *IL26* mRNA also correlated with expression of *Csf2* mRNA in T~H~17 lymphocytes of patients with MS ([figure 1C](#F1){ref-type="fig"}). Finally, immunohistofluorescence imaging of active MS brain lesions (18 lesions, 6 distinct patients) revealed innumerable CD4^+^ T lymphocytes expressing IL-26 in perivascular infiltrates ([figure 1D](#F1){ref-type="fig"}).

![IL-26 is increased in the serum and CSF of untreated patients with MS and is expressed by CNS-infiltrating lymphocytes\
(A) IL-26 protein levels in the serum of HDs (n = 6) and untreated patients with RRMS (MS, n = 9). (B) IL-26 protein levels in the CSF of persons with OND (n = 8) and untreated patients with MS (n = 10). (C) Relative expression of *IL26* mRNA plotted against the relative expression of other T helper (T~H~)17-associated genes (*IL17*, *IL22*, *Csf2*, *RORC*, and *MCAM*) in ex vivo CD4^+^CD45RO^+^ T lymphocytes, T~H~1- and T~H~17-polarized lymphocytes (after 6 days in culture) from 5 to 18 patients with MS. mRNA expression is relative to *18S* mRNA and was assessed by qPCR. (D) Autopsy-derived MS CNS material was stained with Luxol Fast Blue/H&E (LHE, left panel) to identify lesions (dashed line). Colocalization of IL-26 (red) with CD4^+^ cells (green) and TOPRO-3 (blue, nuclei) in MS lesions is shown (left panel). As a control, CNS material was stained with an isotype control and secondary antibody (red) or secondary antibody alone (green, right panel). Images shown are representative of immunostainings on CNS samples from 6 patients with MS (3 tissue blocks per patient). Scale bars: 25 μm. Data are presented as mean ± SEM (A and B). \**p* \< 0.05; \*\**p* \< 0.01. Statistical tests: Student 2-tailed *t* test (A and B) and Pearson correlation (C). HDs = healthy donors; IL = interleukin; mRNA = messenger RNA; OND = other neurologic disease controls; RRMS = relapsing-remitting MS.](NEURIMMINFL2020029447f1){#F1}

IL-26 increases BBB tightness through upregulation of tight junction molecules {#s2-3}
------------------------------------------------------------------------------

Our group previously demonstrated that the T~H~17-associated cytokines, IL-17A and IL-22, increase BBB permeability and facilitate T~H~ lymphocyte migration across the BBB.^[@R8]^ Because IL-26 is preferentially expressed by T~H~17 lymphocytes, we hypothesized that it has a similar effect on the BBB. To investigate whether BBB ECs can respond to IL-26 stimulation, we first assessed expression of the IL-10R2 and IL-20R1 chains. Indeed, we detected both IL-26 receptor chains on primary cultures of human BBB ECs in vitro ([figure 2A](#F2){ref-type="fig"}) as well as on CNS-ECs in situ ([figure 2, B and C](#F2){ref-type="fig"}). Inflammatory conditions did not significantly affect the expression of either chain ([figure 2A](#F2){ref-type="fig"}). Further investigation of the 2 receptor chains demonstrated their spatial colocalization on ECs in situ both in normal-appearing white matter and in MS lesions ([figure 2, B and C](#F2){ref-type="fig"}), suggesting that these cells can respond to IL-26.

![Presence of IL-10R2 and IL-20R1 on BBB ECs\
(A) IL-26 receptor expression on resting (CTL) and inflamed (IFNγ and TNFα, I/T) human BBB ECs by Western blot. Representative image of n = 4 experiments is shown. (B) Autopsy-derived MS CNS material stained for IL-10R1 (red) and IL-20R2 (green) and with TOPRO-3 (blue, nuclei). Representative plots of IL-20R1 and IL-10R2 signal intensity and colocalization of both receptor chain (upper graphs) in areas 1 and 2 are shown for NAWM (left) or MS lesions (right). (C) Semiquantitative analysis of the signal intensity from 10 µm z-stack reconstructions along the line markers in the images shown in (B), for IL-20R1 and IL-10R2, in NAWM and MS lesion. Mean fluorescence intensity was averaged from 3 distinct measurements on each vessel (n = 33 blood vessels). Images shown are representative of immunostainings on brain lesions of 6 patients with MS (1--2 tissue blocks per patient). Scale bars: 50 μm for lesion and 30 μm for NAWM. Data are represented as mean ± SEM (C). Statistical tests: Student 2-tailed *t* test (C). BBB ECs = blood-brain barrier endothelial cells; CTL = control; IL = interleukin; NAWM = normal-appearing white matter.](NEURIMMINFL2020029447f2){#F2}

To assess the effect of IL-26 on human BBB ECs, we investigated the transcriptome of resting (control \[CTL\]) vs rhIL-26 treated BBB ECs. In total, 459 differentially expressed genes (DEGs; false discovery rate \< 0.1 & \|logFC\| \> 0.25) were identified, all in the 100 ng/mL condition (figure e-3, A and B, [links.lww.com/NXI/A295](http://links.lww.com/NXI/A295)). To understand what functional pathways might be associated with these transcriptional changes, a ranked gene-set enrichment analysis (GSEA) approach was used to alleviate the limitations of setting predefined numerical thresholds of significance to form discrete gene sets (See Methods section). Our data demonstrate that rhIL-26 treatment resulted mostly in a general downregulation of pathways, notably those involved in the signaling of proinflammatory cytokines tumor necrosis factor-α, IFN-γ, IFN-α, and IL-6, as well as in apoptosis and adipogenesis ([figure 3A](#F3){ref-type="fig"}, figure e-3C). The most significant enrichment was associated with a downregulation of oxidative phosphorylation and was consistent in both conditions (figure e-3C). This suggests that IL-26 could mediate cellular metabolism through decrease in energy production. Of interest, using the ranked approach for GSEA shows that although there are no DEGs in the 10 ng/mL condition according to predefined criteria, the pathways associated with the transcriptomic variation is consistent with the 100 ng/mL condition, indicating that the response in both conditions is correlated. We indeed observe correlation between the fold changes calculated in each condition (*R* = 0.62, *p* \< 2.2 × 10^−16^). Because BBB integrity is highly dependent on the expression of tight junction (TJ) molecules (e.g., junctional adhesion molecules \[JAM\], claudins \[CLDN\], occludin \[OCLN\], and zonula occludens \[ZO\]),^[@R23]^ we hypothesized that some of these molecules would also be downregulated on IL-26 stimulation. Therefore, we decided to focus on the expression profiles of specific BBB-associated TJ molecules within the same transcriptome data. This allowed us to observe that stimulation with IL-26 upregulates the mRNA levels of *TJP1* (ZO-1), *OCLN*, and *CLDN18*, while also downregulating *F11R* (JAM-1) levels ([figure 3B](#F3){ref-type="fig"}). *CLDN5* mRNA was below the detection limit. Collectively, these data indicate that unlike IL-17, IL-26 has a unique effect on BBB ECs where it downregulates proinflammatory pathways and upregulates TJ molecules.

![IL-26 enhances BBB function in vitro\
(A and B) Human BBB ECs derived from 1 donor were treated with 0, 10, or 100 ng/mL recombinant human (rh)IL-26 in triplicate for 24 hours. RNA sequencing was performed on messenger RNA (mRNA) isolated from these samples. (A) A heatmap of the enrichment scores for pathways found in the hallmark curated database is shown. Only the pathways that are significant in at least 1 condition are shown (adjusted *p* value \< 0.25). Gray tiles are nonsignificant, and the enrichment is not shown for clarity purposes. (B) The boxplots show the distributions of the voom-normalized expression of *claudin 18* (*CLDN18*), *ZO-1* (*TJP1*), *JAM-1* (*F11R*), and *occludin* (*OCLN*) mRNA levels using the same samples as for (A). Normalization was performed with limma/voom. (C) JAM-1 protein expression by human BBB ECs pretreated with or without 5 μg/mL anti--IL-10R2 or 5 μg/mL anti--IL-20R1. After 1 hour, 100 ng/mL rhIL-26 or control was added for 24 hours. Samples were analyzed by Western blot (n = 3). Protein expression, relative to beta-actin, was calculated and normalized to the respective controls (upper panels, white dotted line). (D) In vitro permeability was investigated using a modified Boyden chamber assay. The permeability coefficients of 3-kDa, 10-kDa, and 70-kDa fluorescently labeled dextran through untreated (CTL), 100 ng/mL IL-26, or 40% ACM (positive control) treated monolayer of human BBB ECs (n = 4 experiments). Each condition was performed in triplicate. (E) Transendothelial electrical resistance of human BBB EC monolayers was measured continuously for 92 hours. ACM (positive control) or rhIL-26 was added 24 hours after BBB EC plating (dotted line, left panel and arrow right panel). The right panel is an enlarged representation of the insert box in the left panel. Representative graph of n = 4 experiments is shown. All conditions were performed in triplicate. Data are represented as mean ± SEM (C and D). \**p* \< 0.05; \*\*\**p* \< 0.001. Statistical tests: Student 2-tailed *t* test (C), a 1-way analysis of variance (ANOVA) (D), and repeated-measures 1-way ANOVA followed by the Dunnett multiple comparison test (E). ACM = astrocyte-conditioned medium; BBB ECs = blood-brain barrier endothelial cells; CTL = control; IL = interleukin; SEM = standard error of the mean.](NEURIMMINFL2020029447f3){#F3}

To confirm our observations at the protein level, we performed Western blot analysis on IL-26--treated BBB ECs and observed an increase in JAM-1 protein levels compared with CTL BBB ECs ([figure 3C](#F3){ref-type="fig"} and figure e-4A, [links.lww.com/NXI/A295](http://links.lww.com/NXI/A295), *p* = 0.053). The ZO-1 protein level did not change (figure e-4B, *p* = 0.431). To confirm that JAM-1 upregulation is due to IL-26 signaling via its heterodimeric receptor, we pretreated BBB ECs with blocking antibodies against IL-10R2 or IL-20R1 before rhIL-26 was added. The IL-26--induced upregulation in the JAM-1 level in BBB ECs was prevented by pretreatments with anti--IL-10R2 or anti--IL-20R1 ([figure 3C](#F3){ref-type="fig"} and figure e-4A). To investigate whether IL-26 has a functional effect on BBB integrity, we performed an in vitro permeability assay using modified Boyden chambers. Briefly, we treated primary human BBB ECs, grown to confluency on inserts, with rhIL-26, and measured their permeability to 3-, 10- and 70-kDa dextrans via spectroscopy. Of interest, rhIL-26--treated human BBB ECs acquired a significantly lower permeability coefficient to each of the dextrans compared with untreated BBB ECs ([figure 3D](#F3){ref-type="fig"}), suggesting that IL-26 indeed has a positive effect on BBB integrity compared with IL-17 and IL-22. Consistent with these observations, the transendothelial electrical resistance (TEER) of human BBB ECs monolayers was also significantly and sustainably increased by rhIL-26 treatment to the same extent as the positive control (astrocyte-conditioned medium; [figure 3E](#F3){ref-type="fig"}).

IL-26 therapy reduces BBB permeability during neuroinflammation {#s2-4}
---------------------------------------------------------------

Although mice do not express IL-26, they do express a functional receptor, which responds to rhIL-26.^[@R15]^ Previous studies on IL-26 have shown that results obtained from mouse models using rhIL-26 provide information, which is supportive of human in vitro or in situ studies.^[@R15],[@R24],[@R25]^ Before investigating the contribution of IL-26 on BBB permeability in vivo, we first sought to confirm whether rhIL-26 affects mouse BBB ECs in vitro. Mouse brain ECs were isolated and treated with 100 ng/mL rhIL-26, and subsequent expression of TJ molecules JAM-1, ZO-1, and CLDN5 was assessed. In line with our aforementioned observations, we found that rhIL-26--treated mouse BBB ECs significantly upregulated the expression of both JAM-1 and CLDN5 ([figure 4A](#F4){ref-type="fig"}), whereas it had no effect on ZO-1 (not shown). In addition, rhIL-26 enhanced the organizational structure of the intercellular TJ strands between mouse BBB ECs ([figure 4A](#F4){ref-type="fig"}). To study the impact of IL-26 on the BBB in vivo, we analyzed its effect on BBB permeability in EAE mice immunized with myelin oligodendrocyte glycoprotein (MOG)~35--55~ and treated with 200 ng rhIL-26 daily IP from day 5--24 postimmunization. In situ analysis of endogenous serum proteins extravasation into the CNS revealed that rhIL-26 treatment significantly reduced extravasation of both IgG ([figure 4B](#F4){ref-type="fig"}) and fibrinogen ([figure 4C](#F4){ref-type="fig"}) in spinal cords of EAE animals compared with Hanks balanced salt solution (control)-treated mice.

![IL-26 treatment reduces fibrinogen and IgG leakage in EAE mice\
(A) Monolayers of mouse BBB ECs immunostained for tight junction molecules JAM-A (red) and claudin-5 (green) and nuclei (blue) after treatment with IFN-γ and TNF-α (I/T), 100 ng/mL IL-26, or left untreated (24 hours treatment). Representative images of n = 4 experiments are shown. JAM-A and Claudin-5 mean fluorescent intensity across the mouse BBB EC membrane was quantified at 30 different places per image. Three fields of view were randomly analyzed and quantified for each condition and for each experiment (n = 240 measurements per condition). Scale bars: 100 μm. (B and C) MOG~35--55~ immunized C57BL/6 mice were injected IP with either HBSS or 200 ng recombinant human IL-26 in HBSS daily from day 5 to day 24. Immunohistofluorescence of IgG (green, B, central panel), fibrinogen (green, C, central panel), and PECAM-1 (red, left panel) was performed on spinal cords of EAE mice at day 27 postinduction. Fluorescence of IgG (B, right panel) and fibrinogen (C, right panel) extravasation was quantified (n = 3 animals per group and 3 sections per mouse). Scale bars: 25 μm. Data are represented as mean ± SEM (A--C). \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001. Statistical tests: 1-way analysis of variance followed by the Dunnett multiple comparison test (A) and Student 2-tailed *t* test (B and C). BBB ECs = blood-brain barrier endothelial cells; EAE = experimental autoimmune encephalomyelitis; HBSS = Hanks balanced salt solution; IL = interleukin; MOG = myelin oligodendrocyte glycoprotein; SEM = standard error of the mean.](NEURIMMINFL2020029447f4){#F4}

IL-26 therapy reduces EAE severity and limits infiltration of pathogenic T lymphocytes {#s2-5}
--------------------------------------------------------------------------------------

To evaluate whether the protective effects of IL-26 on the BBB in EAE translate into a clinically detectable benefit, we monitored the symptoms of EAE mice treated with IL-26 daily for 45 days. We found that rhIL-26--treated EAE mice experienced a less severe clinical disease course compared with control-treated mice, particularly during the chronic phase of the disease ([figure 5, A and B](#F5){ref-type="fig"}), but also at the peak of the disease. Surprisingly, this beneficial outcome was associated with an increased number of CNS-infiltrating T~H~ lymphocytes at peak of disease, and a decreased number during the chronic phase, compared with control-treated mice ([figure 5C](#F5){ref-type="fig"}). A deeper analysis of these lymphocytes revealed that the administration of IL-26 resulted in an infiltration of both conventional and regulatory (CD4^+^Foxp3^+^CD25^+^) T lymphocytes (Treg) at peak of disease (figure e-5A, [links.lww.com/NXI/A295](http://links.lww.com/NXI/A295) and [figure 5C](#F5){ref-type="fig"}). When analyzing cytokine production by different T~H~ subsets, we found that the proportion and number of IL-17--expressing T~H~ lymphocytes were significantly reduced in the CNS of rhIL-26--treated animals, whereas the number and proportion of IL-10--expressing T~H~ lymphocytes were increased compared with control animals ([figure 5D](#F5){ref-type="fig"}). No clear effect was observed for IFN-γ^+^IL-17^+^ T~H~ lymphocytes, but a tendency toward a lower proportion of GM-CSF^+^IL-17^+^ T~H~ lymphocytes was observed ([figure 5D](#F5){ref-type="fig"}). In the myeloid compartment within the CNS at peak of disease, no significant differences were found for the number of inflammatory (Ly6C^+^) or patrolling (Ly6C^−^) monocytes between IL-26--treated and control animals (figure e-5, B and C). In addition, no differences were observed for the numbers of Ly6C^int^ neutrophils (figure e-5D). Of interest, the number of microglia was decreased in the chronic phase of IL-26--treated mice compared with control mice (figure e-5E).

![IL-26 treatment ameliorates clinical symptoms of EAE\
(A) MOG~35--55~ immunized C57BL/6 mice injected IP with either 200 μL HBSS (black squares) or 200 μL containing 200 ng recombinant human IL-26 in HBSS (gray open circles) were scored (left panel) and weighed (normalized to day 0; right panel) daily. IL-26 treatment was started at day 5 after disease induction and was given daily until day 24. (B) Distribution and sum of the clinical scores for the 2 different treatment groups. Each dot is 1 animal. (C) The CNS of perfused mice was collected, and infiltrating immune cells were isolated, counted, and analyzed by flow cytometry at onset (day 7), peak (day 15), and chronic (day 27) phases of disease. (D) The CNS, spleen, and LN of perfused mice were collected, and immune cells were isolated, counted, and analyzed by flow cytometry for intracellular cytokine staining at peak (day 15) of disease. Bars to the left of the dotted line represent cell percentages (left y-axis), and bars to the right of the dotted line represents total number of cells (right y-axis). Data are represented as mean ± SEM (A--D). \**p* \< 0.05. Statistical analyses performed: Student 2-tailed *t* test of the area under the curve (A); Student 2-tailed *t* test (B--D). Data shown are representative of 6 independent EAE experiments with 9--30 animals per group (A and B). n = 3 animals per group (C and D). EAE = experimental autoimmune encephalomyelitis; GM-CSF = granulocyte macrophage colony-stimulating factor; HBSS = Hanks balanced salt solution; IL = interleukin; LN = lymph nodes; MOG = myelin oligodendrocyte glycoprotein; SEM = standard error of the mean.](NEURIMMINFL2020029447f5){#F5}

Discussion {#s3}
==========

Although IL-26 is suspected to be proinflammatory and antimicrobial,^[@R15][@R16][@R17],[@R19],[@R20]^ the exact role of this cytokine in the context of neuroinflammatory disorders has not been identified. Here, we demonstrated that IL-26, in contrast to IL-17 and IL-22, produced by T~H~17 lymphocytes, reduced BBB permeability through upregulation of TJ molecules, thereby reducing clinical severity in EAE mice treated with rhIL-26 in vivo.

Our data demonstrate that *IL26* mRNA expression was induced in naive T~H~ lymphocytes by a combination of the T~H~17-polarizing cytokines IL-1β, IL-23, and TGF-β1, whereas IL-6, a nonredundant cytokine for T~H~17 differentiation, seems to have barely an effect on IL-26 levels. In addition, *IL26* transcript expression correlated strongly with T~H~17 markers. Overall, these data support its preferential association with the T~H~17 lineage, although broader regulation across T~H~ lineages cannot be ruled out, especially because our postmortem MS brain analyses show that the majority of T~H~ lymphocytes in perivascular cuffs express IL-26. Together with our data showing nondetectable mRNA levels in B cells, monocytes, macrophages, and DCs, this suggests that T~H~ lymphocytes (especially T~H~17 lymphocytes) are the most relevant source of IL-26 in MS.

Because both IL-17 and IL-22 have been shown to be involved in BBB disruption,^[@R8]^ we wanted to determine whether the same held true for IL-26. Surprisingly, IL-26 enhanced BBB integrity by reducing permeability of BBB ECs both in vitro and in vivo. This seemed to be a direct effect because both IL-26 receptor chains were found to be expressed on BBB ECs. We further demonstrated that this reduction in leakage was due to an increased expression of TJ molecules, especially JAM-1 and CLDN5. Although our pathway analysis indicated an increase in *TJP1*, this was not seen on the protein level. A possible explanation could be that the effect on protein levels might take longer than 24 hours. Of interest, *F11R* levels seemed to be decreased, whereas protein levels were increased after 24 hours of IL-26 treatment. This could also be related to the time point of protein detection. However, it is also possible that the translation rate is increased on IL-26 treatment. Protein levels are, however, the most important readout for TJ molecules and hold the most biological relevance for BBB integrity. These results in combination with the observed increase in IL-26 levels in MS suggest a compensatory mechanism to restore BBB integrity and reduce BBB leakage.

A barrier-promoting effect was already shown for IL-10,^[@R26]--[@R28]^ which shares one of the receptor chains of the IL-26 receptor, suggesting that the barrier-promoting effect of IL-26 is established through signaling via the IL-10R2 subunit. We have confirmed that both receptor units, IL-10R2 and IL-20R1, are critically involved in this barrier-enhancing effect. Because it has been shown that activation of both receptor units signals via the STAT1/STAT3 pathway,^[@R14]^ the barrier-strengthening effect of IL-26 seems to also be mediated via this pathway. Recently, Itoh et al.^[@R29]^ showed a possible opposite effect of IL-26 on vasculature in a psoriasis model. This difference might either be due to a secondary inflammatory effect via the epidermal keratinocytes and dermal fibroblast or a direct effect. To study this, they used human umbilical vein ECs, which were able to respond to IL-26 stimulation. However, these cells did not express the IL-20R1, which was confirmed by the lack of p-STAT3 upregulation. Our data show that human primary BBB ECs do express the IL-20R1 and that IL-26 signals via this receptor. The fact that both cell types react differently to IL-26 might not be very surprising because numerous studies have already reported differences with regard to permeability, TEER, migration, and chemokine production.^[@R30],[@R31]^

A previous study has shown that IL-26 is not expressed in mice, although they do express a functional IL-26 receptor.^[@R15]^ Therefore, murine cell lines or mouse models have been used to further unravel the mechanisms of IL-26 and to study the effect of IL-26 in vivo.^[@R15],[@R24],[@R25]^ Moreover, the results of these studies were in line with findings obtained in human in vitro experiments. To assess the role of IL-26 in vivo in the context of neuroinflammation, we administered rhIL-26 to EAE mice immunized with MOG~35--55~. Mice treated with IL-26 displayed a milder disease course and a reduced BBB permeability. Most surprisingly, there were a higher number of IL-10--producing CNS-infiltrating T~H~ lymphocytes in the IL-26--treated group. In parallel, we also observed a reduction in CNS-infiltrating pathogenic T~H~ lymphocytes in IL-26--treated mice (IL-17^+^IFN-γ^+^). Whether these findings are the result of (1) suppression of pathogenic T~H~ lymphocytes by infiltrating Tregs, (2) skewing of pathogenic T~H~ lymphocytes toward Tregs by modification in the cytokine environment induced by IL-26, (3) a direct effect of IL-26 on polarization of T~H~ lymphocytes, or finally (4) an effect of IL-26 on the expression of CAMs by BBB ECs, has yet to be investigated. However, it is unlikely that IL-26 directly skews T~H~ lymphocytes toward a regulatory phenotype because these cells do not express the IL-20R1. This is supported by our data showing that rhIL-26 does not influence T~H~17 lymphocyte polarization (figure e-6A, [links.lww.com/NXI/A295](http://links.lww.com/NXI/A295)). In addition, a study by Oral et al.^[@R32]^ also shows that IL-26 did not affect naive T~H~ lymphocyte differentiation, proliferation, or viability. An indirect effect on T~H~ lymphocytes, via antigen-presenting cells, can not be excluded. Recent studies show that IL-26 can bind to genomic and mitochondrial self-DNA and bacterial DNA and activate the Toll-like receptor 9 or directly activate stimulator of interferon genes in myeloid cells.^[@R20],[@R33]^ Nevertheless, this effect of IL-26 induces IFN-α, IL-6, and IL-1β, which trigger a proinflammatory, rather than an anti-inflammatory, response. Alternatively, IL-26 could also act on other immune or CNS cells, which would, in turn, skew T~H~ lymphocytes toward an IL-10--producing phenotype. Finally, as Tregs have been reported to migrate faster across BBB ECs than non-Tregs,^[@R34]^ we therefore speculate that IL-26, produced by CNS-infiltrating T~H~ lymphocytes in the context of neuroinflammation, could affect the recruitment of IL-10--producing T~H~ lymphocytes across the CNS barriers by a yet unknown mechanism. In conclusion, our data reveal that IL-26 is a protective cytokine, which is preferentially produced by T~H~17 lymphocytes on inflammation. During neuroinflammation, the administration of IL-26 promotes BBB functions through upregulation of TJ molecules, increases the number of IL-10--producing CNS-infiltrating T~H~ lymphocytes, and reduces the number of CNS-infiltrating pathogenic T~H~ lymphocytes. These findings might have important therapeutic implications for patients with MS, which will be validated in future studies.
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